I. INTRODUCTION

C
ONVERTING abundant solar energy directly into electricity represents a viable and very attractive option for cost-effective sustainable production of electrical energy. Photovoltaic (PV) technologies based on Si solar cells have been the focus of research since the 1950s and currently they cover 80-85% of the PV market globally [1] . Laboratory-scale conversion efficiency up to 20 .4% has been achieved using polycrystalline Si wafer, while modules with a typical efficiency of 15-16% are commercially available nowadays [2] , [3] .
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Interest in alternative materials and device processing technologies has grown over the years due to the weight, rigidity, expensive wafer, and processing limitations of Si wafer-based solar cells. This has led to extensive research and development of thin-film solar cells to overcome some of these limitations. Compound semiconductors with high absorption coefficients such as Cu(In, Ga)Se 2 (CIGS) and CdTe can be utilized as very thin films (2-3 μm) to absorb nearly all incidental solar light. Besides the decrease in required light-absorbing material per solar cell, thin-film solar cells also offer the advantage of low-cost deposition on a large area. One of the most attractive features of flexible thin-film solar cells is the high potential to decrease the production costs, because roll-to-roll manufacturing on flexible substrates enables use of compact size deposition equipment, high throughput, and low thermal budget, especially for CIGS deposition. New application possibilities have emerged with the development of solar modules on flexible substrates.
CIGS-based solar cells are promising for cost-effective solar electricity production. A record efficiency of 20.3% reported in 2011 for a CIGS cell deposited on a rigid glass substrate has closed the gap with the state-of-the-art polycrystalline Si wafer-based technology [4] . Reaching such a high performance level on flexible substrates has proven to be rather challenging, especially due to limitations imposed by the choice of substrate material. Nevertheless, a world record efficiency of 18.7% on polyimide film has been achieved recently [5] , revealing that flexible solar cells with performance close to rigid solar cells can be developed. However, several issues still need to be addressed in order to transfer laboratory-scale results on flexible substrates into industrial production of highly efficient flexible CIGS solar modules.
CIGS absorber layers for state-of-the-art high-efficiency solar cells are generally grown by vacuum-based methods such as thermal coevaporation at high substrate temperature of about 600
• C or sputtering of precursor layers followed by selenization in Se vapor or H 2 Se gas. Nonvacuum deposition methods are also used, aiming toward further reduction of production costs. These methods are mainly based on printing of precursor layers or on a deposition from a solution (e.g., electrodeposition) followed by the selenization step [6] .
In this paper, the development of flexible CIGS solar cells on different substrate materials is reviewed with an emphasis on achieved efficiencies and issues of module manufacturing. Progress toward 20% efficiency devices on flexible substrates is presented based on research carried out in our laboratory. I  SUBSTRATE MATERIALS USED FOR FLEXIBLE CIGS SOLAR CELLS AND THEIR TYPICAL PROPERTIES Finally, a brief discussion of industrial manufacturing and the challenges faced by CIGS companies is given. This paper does not concentrate on physical or chemical issues of CIGS absorbers and other layers. It rather gives a historical insight into the development of flexible CIGS solar cells and the main issues that still have to be solved before providing the market with highly competitive flexible solar modules.
II. STANDARD CU(IN, GA)SE 2 SOLAR CELLS
Chalcopyrite-based solar cells were first developed using CuInSe 2 absorber material, but it quickly became clear that the addition of Ga can be used to tune the band gap to values between 1.04 eV for CuInSe 2 and 1.68 eV for CuGaSe 2 [7] . Best-in-class devices are typically grown with a Ga/(Ga+In) ratio of 0.25 to 0.35, corresponding to a band gap of approximately 1.1-1.24 eV [8] . Several reviews on absorber deposition processes as well as other layers of the CIGS solar cell stack are readily available [9] - [11] . The commonly used standard structure of CIGS solar cells in substrate configuration is presented here.
Sputtered Mo on a substrate is usually used as the electrical back contact. During CIGS deposition, an interfacial MoSe 2 layer is formed, which facilitates a quasi-ohmic contact between CIGS and Mo [12] . Adhesion promoting layers, diffusion barriers, and/or insulating layers can also be added on top of the substrate prior to the Mo deposition. CIGS is then deposited using methods mentioned above. As Na was found to improve the electronic quality of the absorber, various methods have also been developed to add Na either prior, during or after CIGS deposition [13] . The CdS buffer layer is then grown via chemical bath deposition. Finally, an n-type ZnO/Al:ZnO transparent conducting window layer is sputtered as front electrical contact to collect the charge carriers. Many variations of this stacking sequence exist, but highest efficiency devices have been developed using such a structure that can be summarized as substrate/Mo/CIGS/CdS/i-ZnO/ZnO:Al [4] , [5] , [14] .
The substrate material has to be chosen in view of its thermomechanical properties, as well as its compatibility with the subsequent deposition steps and integration into a solar module. The following section discusses the relevant characteristics in more detail.
III. FLEXIBLE SUBSTRATE MATERIALS AND DEVICES
To find a suitable flexible substrate for depositing thin CIGS films, different physical and chemical properties have to be taken into account. Stability and compatibility of the substrate material through the whole production process and operational lifetime of solar modules are mandatory requirements. Demands such as vacuum compatibility, thermal stability, suitable coefficient of thermal expansion (CTE), chemical inertness, humidity barrier function, and surface smoothness have to be fulfilled [15] . Availability in large quantities, low cost, and light weight are also necessary for an optimal substrate material. Table I gives an overview of relevant properties of materials used as flexible substrates for CIGS deposition processes. For comparison, soda-lime glass (SLG) is included as a standard rigid substrate. Typical parameters of the constituent layers of CIGS solar cells are given. Motivated by the need for good adhesion, suitability with the best deposition method, as well as low weight (especially for space applications), material properties such as CTE, maximum suitable temperature, and density are also provided. Optimal CTE of the substrate should be close to that of CIGS and is, therefore, desired between 5 × 10 −6 and 12 × 10 −6 K −1 to avoid adhesion problems and/or crack formation during CIGS deposition at high temperature. SLG meets most of these requirements, which partly explains its widespread use as a substrate. Research groups active in alternative substrate materials and selected references are also shown in Table I .
As flexible substrates, mostly metals and special polymers have been used. Metals have the advantage of being able to withstand very high deposition temperature, but they generally have rather high density, roughness, and CTE (especially Cu and Al). Furthermore, most of them, especially steel, contain metallic impurities (e.g., Fe) that are detrimental for solar cell performance. Reactivity of metals such as Cu or Al with Se is an issue of concern, but it can also be used beneficially, for example, to synthesize CuInSe 2 starting from a Cu substrate [16] . On the other hand, polymers as substrates have a much lower density and roughness than metals, but they cannot sustain high temperatures of 550-600
• C, as commonly used to manufacture high-efficiency cells. Therefore, use of a low-temperature process is necessary, but this generally leads to significantly inferior absorber quality [9] , [17] , [18] . Polyimide films are one of the few polymer films that can sustain temperatures close to or above 450
• C for a short time, but their CTE values are rather high and they can vary widely depending on suppliers, necessitating careful adaptations of the deposition conditions of the stack to avoid cracks formation and/or delamination. Ceramics have also been used as flexible substrates [19] , [20] . However, their brittle behavior might be an issue for industrial production on large scale. Typical thickness of metal, polymer, or ceramic substrate materials is generally between 25 and 400 μm, about one or two orders of magnitude lower than standard SLG substrates.
One of the major advantages of polymeric substrates is their electrically insulating property. It allows for direct monolithic integration of solar cells, developing modules through successive patterning of layers in-between the different deposition steps. On the other hand, solar cells deposited on metal substrates have to be stringed and tabbed, as used in Si waferbased technology, or connected in a shingling-type configuration. Monolithic integration on conductive substrates is still possible by depositing intermediate dielectric barrier layers on metallic substrates. The barrier provides electrical insulation between the substrate and Mo electrical back contact, and it can also serve as a diffusion barrier against impurities from the substrate [21] . Compatibility with further processing steps and good adhesion are necessary, and additionally shunt paths should be avoided. Typical examples of such insulating barrier layer materials are Al 2 O 3 and SiO x [22] - [26] .
About a dozen institutions around the world are involved in research and development of flexible solar cells on various substrates. Fig. 1 gives an overview of the highest efficiencies pub- The efficiency of CIGS solar cells on glass substrates progressed significantly during the 1990s. Thereafter, only small incremental improvements have been made toward reaching a level similar to that of polycrystalline Si cells. For flexible solar cells, Mo, Ti, and Al foils were first tested by International Solar Electric Technology (ISET, Chatsworth, CA) in 1992. The absorber was grown using an e-beam evaporation process with subsequent selenization, and only the best efficiency on Mo (8.3%) was reported [42] . In 2003, ISET reported an efficiency of 11.7% on a Mo foil using an ink-based method [49] . In 2010, the Institute for Advanced Industrial Science and Technology (AIST, Tokyo, Japan) was able to achieve 14.6% efficiency on a Mo foil using a three-stage coevaporation process [9] . On Ti foils, Zentrum für Sonnenenergie und Wasserstoffforschung (ZSW, Baden-Württemberg, Germany) published 12% efficiency already in 2000 [37] , which was then improved by HahnMeitner-Institut, (HMI, Berlin, Germany) [50] , [51] before Aoyama Gakuin University (AGU, Tokyo, Japan) reported the highest value of 17.9% in 2009 using a three-stage coevaporation method for CIGS deposition and a Cd-free buffer layer [38] . The Institut für Solar Technologien (IST, Frankfurt, Germany) used Cu-tapes in a galvanic roll-to-roll deposition of In followed by sulfurization, but efficiencies of solar cells remained under 10% [16] , [52] . Stainless steel was already used as a substrate by the National Renewable Energy Laboratory (NREL, Golden, CO) in 1999 [53] and their device with an efficiency of 17.4% remained the best until 2012 when our group (Empa, Dübendorf, Switzerland) published a certified efficiency of 17.7% on Ti-coated SS foil [27] . Cells on mild steel yield much more limited efficiencies due to impurity diffusion, and only ZSW and Empa have tried to use it as a flexible substrate [22] , [33] . However, enameled mild steel has shown interesting potential, as efficiencies of 17.6% [34] (certified but not shown in the plot) and 18.2% [33] (in-house measurement) have been demonstrated recently. Al foils have also been used as flexible substrates, and highest results of 17.1% efficiency have currently been obtained by NanoSolar and Empa. NanoSolar uses a printing method on specially coated Al foil [54] , whereas Empa uses a low-temperature coevaporation process [33] . For ceramics, AIST has reported cells on zirconia with highest efficiencies comparable to those on stainless steel, enameled mild steel, or Ti [19] .
For polymers, the development of high-efficiency cells seemed difficult because of the requirement of a low CIGS deposition temperature imposed by the thermal sensitivity of polyimide. A first report from ISET in 1996 announced an efficiency of 8.7% obtained by a two-step process of sputtering metal precursors at low temperature followed by a selenization reaction at a higher temperature [47] . Our laboratory, while working at ETH Zürich, reported a record efficiency of 12.8% in 1999 using a coevaporation method, and since then, it has continuously improved setting a new record value of 18.7%, in 2011 [5] , [55] . Further optimization and development could allow the fabrication of 20% efficiency flexible solar cells that could close the last efficiency gap between cells fabricated on flexible substrates and cells fabricated on rigid substrates.
Implementation of different processing concepts has allowed our group to achieve efficiency improvements, as shown in Fig. 2 . The first breakthrough device was developed in 1999 where the CIGS layer was grown on a spin-coated polyimide film on NaCl/glass and then lifted off after completion of solar cell processing [55] . Modifying the Na addition method from using a NaCl precursor layer to a postdeposition treatment instead led to an increase in efficiency from 13.2% in 2004 to 14.1% in 2005 [56] , [57] . Further improvements by reducing optical and electronic losses by optimizing the buffer, window, grid, and antireflection layers led to a 16% efficiency in 2009 (internal measurement). Finally, adjusting the band gap grading was found to be of crucial importance for reducing recombination losses and ensuring highly efficient charge carrier collection, leading to an efficiency of 18.7% which represents the current world-record efficiency for any type of solar cell grown on a flexible substrate [5] , [58] . Moreover, a monolithically integrated mini-module with 14.8% efficiency has also been developed on polyimide with an absorber layer grown at Empa and laser patterning done by the company Flisom AG. The mini-module consists of eight interconnected cells. Fig. 3 presents current density-voltage and power-voltage curves of this mini-module, as well as a picture of the finished flexible module.
IV. MODULE INTERCONNECTIONS AND ENCAPSULATION
After processing of solar cells on small scale, development of mini-modules and large-area scale-up are the next logical steps for industrial applications. In order to electrically interconnect the single cells, different approaches are used for flexible substrates [7] . Two schematic examples are shown in Fig. 4 .
Monolithic integration is the most desirable way for interconnecting thin-film solar cells and has been successfully implemented on glass, becoming a standard industrial process. The implementation on flexible foils is less mature, and development work is being pursued on different substrates (see, e.g., [20] ). Successive scribing/patterning of the different constituent layers allows direct separation of the cells. Deposition of a conducting top layer connects the back contact of one cell with the front contact of the next cell. The patterning can be done either by laser or mechanical scribing techniques. Mini-modules with efficiencies of 15.0% on enameled mild steel [34] and 15.9% on zirconia [20] have been demonstrated using such interconnection methods. Laser scribing on thermally sensitive polymer films is challenging but has been successfully implemented in our group, for example, in the 14.8% efficiency mini-module on polyimide presented in Fig. 3 . Monolithic integration on conductive substrates is only feasible by depositing an additional insulating layer between the substrate and the Mo electrical back contact, as discussed in the previous section.
Stringing and tabbing is another method for interconnection comprising connection of individual cells by wiring as applied in Si wafer-based technology. SoloPower is using such an approach for cells grown on stainless steel substrates [59] . A third interconnection method, the so-called shingling, can be used for conductive substrates or in combination with conductive tape for insulating substrates. The front surface of one cell is physically contacted to the substrate of the next cell. Miasolé has chosen such an approach for their cells deposited on stainless steel [60] . The same approach was also used by IST with Cu-tape substrates [36] . Stringing and tabbing, as well as shingling approaches, allow cells to be sorted into their different efficiency (respectively, current) level during production before connecting them to modules, which can improve the overall yield and efficiency level of a production unit.
Transparent conducting oxides (TCO) used as window layers are selected according to their conductivity, transparency, moisture stability, and their compatibility with further processing steps. It has been shown that appropriately designed grid lines deposited onto the TCO can be used to assist the current transport, leading to enhanced performance in spite of optical losses due to shading from the typically Ni/Al lines [61] , [62] . Use of wider segments (less scribe lines) and thinner TCO are advantages of this type of approach. Monolithic integrated modules in combination with a grid are manufactured by Ascent Solar on a polyimide substrate [63] .
High efficiency and large-scale manufacturability of solar modules with high throughput and high average yield are the most important parameters for evaluating the potential of any PV technology for low-cost manufacturing. However, long-term performance durability is also a key issue for commercialization. Field tests on some of the earliest CIGS modules with appropriate encapsulation show that their performance has been stable over a period of 20 years [7] . Nevertheless, not encapsulated or not properly encapsulated CIGS devices tend to degrade under damp heat test conditions. Power loss is mostly assigned to increased series resistance of the window layer. Moisture and thermal cycling are very likely to be destructive, especially due to the sensitivity of window and contact materials to these external factors [64] , [65] . However, the CIGS material and cells are known to be stable under different irradiation conditions (photons, protons, and electrons), making lightweight flexible CIGS modules very attractive for space applications [7] , [66] .
Adequate encapsulation of the flexible modules is necessary for long-term terrestrial applications in order to prevent moisture-induced degradation. This is, at the moment, a challenging problem for the development of low-cost CIGS solar modules with long-term performance stability [7] . A flexible transparent front encapsulation should provide a very effective barrier against moisture. Lifetime prediction studies have shown that the water vapor transport rate (WVTR) through a top sheet should not exceed 10 −4 -10 −5 g/(m 2 ·day) to ensure a 20-year CIGS module lifetime [67] . Transparent polymer such as ethylene vinyl acetate (EVA) [68] is a material available as flexible film which also has good durability under UV irradiation and low price. However, the WVTR of EVA is generally not sufficient for a 20-year lifetime of the current moisture sensitive window layers. Another approach is to use polymers coated with inorganic barriers or polymer multilayers (see, i.e., [69] and [70] ). Such materials could meet the WVTR requirements, but up to now they are more expensive than EVAs. Several flexible CIGS modules have obtained UL or IEC certifications (for example, SoloPower [59] , [71] and Global Solar [72] ). These certifications are not based on real lifetime predictions as done by Coyle et al. [67] , [73] , but they certify that a given CIGS module can withstand a 2000-h damp heat test. Cheap flexible encapsulation materials with sufficiently low WVTR still have to be developed to ensure a 20-year stability. Glass plate encapsulation efficiently protects CIGS modules from the environment [74] , but it imposes a loss of flexibility and a higher weight.
V. INDUSTRIAL MANUFACTURING
The transition from processing of high-efficiency laboratoryscale devices to industrial manufacturing of CIGS modules is under way, and despite remarkable early progress, many problems still have to be solved. Not just materials-related problems (homogeneity, composition, crack-free deposition, compatibility of processes or encapsulation) but manufacturing issues as well, such as lack of appropriate equipment, tools for roll-to-roll deposition, and monolithic integration, are major issues that prevent the large commercialization of CIGS modules on flexible substrates. Besides high efficiency, yield and throughput are of great importance for low-cost flexible CIGS modules. However, such data on industrially produced modules are not publicly available in general, as companies usually do not disclose them. Nevertheless, some results show that the efficiency of the cells depends on the growth rate of the individual layers [75] . Roll-to-roll production is a clear advantage for increased manufacturing throughput, and flexible substrates offer this possibility as opposed to glass substrates. Table II gives selective examples of CIGS solar cells and modules-manufacturing companies in order to discuss different strategies and results achieved to date. Information is taken from the companies' own websites. Even though manufacturing on glass is outside the scope of this paper, a few examples of companies using SLG substrates is given in order to compare the state-of-the-art on flexible substrates with rigid substrates. Table II presents the status of companies at the end of May 2012. For SLG, Solar Frontier is the largest manufacturer with its current capacity of 1 GWp/year CIGS modules produced by deposition and selenization of sputtered metal precursors. Its best module efficiency measured internally is claimed to be 17.8% on a 30 cm × 30 cm glass substrate. AVANCIS has achieved the highest certified efficiency for a module (900 cm 2 ) with a value of 15.8%. They produce their CIGSSe absorber using rapid thermal processing (RTP) of sputtered precursors. Solibro, Soltecture, and Würth Solar (Manz) are also able to produce high-efficiency modules by coevaporation, with the best reported efficiencies of 17.4% (16 cm 2 ), 12.6% (7500 cm 2 ), and 15.1% (6500 cm 2 ), respectively. Besides Solibro, all of these companies were founded at the end of the last century and it took a few years before first commercialization of their products. The first CIGS modules commercially available in modest volume arrived on the market only over the past few years.
Flexible CIGS solar cell companies are in a rather early phase of industrialization. Most of them-with the exception of Global Solar-were founded after 2000. They are slowly ramping up production, but they still face several manufacturing issues, as mentioned above. Table II does not cover the complete list of flexible CIGS companies. The aim is rather to discuss the various technological approaches used for manufacturing and what results have been obtained thus far. The nominal production capacities are given for comparison with rigid substrate manufacturers, even though actual production might be much lower. Estimates of actual production volumes in 2011 are available for a few CIGS companies in [76] . Miasolé has demonstrated the highest certified efficiency among all flexible substrates (stainless steel), with an efficiency of 15.7% on a 1-m 2 module. This has been achieved by a sputtering-only process, a shingling approach for interconnection, and glass encapsulation. A fully flexible 15.5% commercial-size (1.68 m 2 ) module has also been reported by Miasolé. Global Solar is the oldest representative of the companies working on flexible substrates, but ISET (not listed here) was the first company to report development of flexible CIGS solar modules. Global Solar, which is a spin-off from ITN Inc. (New York), started in 1996 with the development of CIGS solar cells on stainless steel using a coevaporation method. Solopower also uses stainless steel substrate and employs a roll-to-roll electrodeposition method for CIGS followed by an annealing step. Nanosolar produces glass laminated modules on coated Al foil. They use a printing and subsequent selenization method for CIGS formation. Polyimide is used as a substrate by Solarion and Ascent Solar with the highest recorded efficiencies slightly lower than those on stainless steel. In an alternative technological approach, Odersun has been growing n-type CIS on Cu-tape and depositing a p-type buffer layer on it. Currently, production capacities of CIGS modules deposited on flexible substrates remain small compared with CIGS modules deposited on SLG.
VI. CONCLUSION AND OUTLOOK
Remarkable progress has been made in the development of flexible CIGS solar cells on polyimide films, as well as on different types of metal foils. A cell efficiency of 18.7% has been achieved on polyimide using a coevaporation method, whereas a monolithically integrated mini-module with 14.8% efficiency has been demonstrated. Using metal foil substrates, highest cell efficiency of 18.2% has been obtained on enameled mild steel, 17.8% on titanium, and 17.7% on stainless steel. Commercialsize modules with efficiency above 15% have also been developed on stainless steel substrates. The flexibility and lightweight of the produced modules open new fields of applications. From industrial production point of view, CIGS solar cells on a flexible substrate enable the use of roll-to-roll manufacturing methods. High throughput in production can thus be achieved due to the inherent characteristics of roll-to-roll deposition on thin foils, leading to potential cost reduction of the modules. Based on the substrate material choice, different strategies for interconnection of the cells can be selected for manufacturing of modules. Companies are entering the commercialization phase, and current production volumes of flexible modules are rather modest. Moreover, flexible CIGS module manufacturers still face some problems. Development of better roll-to-roll deposition infrastructure is necessary, while maintaining a high average yield and high throughput. In addition, low-cost flexible encapsulation materials with sufficient moisture blocking properties need to be developed to guarantee long-term stability.
